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Abstract— An analog, low-profile and shielded spectrum ana-
lyzer is proposed for operation at mm-wave frequencies around
the 60 GHz band based on a novel side-fire Leaky-Wave Antenna
(LWA) configuration. The proposed side-fire periodic LWA is
systematically developed from a conventional 3-port waveguide
T-junction which is modified to a LWA unit cell with an internal
matching mechanism to suppress the stop-band and enable
broadside radiation based on unit cell symmetry considerations.
The resulting periodic side-fire antenna radiates in the plane of
the antenna, whereby the leakage power be either be allowed to
radiate in free-space or kept confined inside a PPW structure.
The proposed side-fire structure thus can be completely shielded
useful as an analog broadband spectrum analyzer using Substrate
Integrated Waveguide (SIW) Technology. Furthermore, a convex
side-fire antenna is demonstrated to focus the radiated beams
in the near-field of the structure to make the entire system
compact. The integrated spectrum analyzer is experimentally
demonstrated between 59 GHz - 66 GHz providing 1 GHz
frequency resolution. Furthermore, a simple mathematical model
consisting of array of line sources is proposed to efficiently model
the beam-scanning characteristics of the curved side-fire LWA in
the near-field of the structure.
Index Terms— Side-fire antennas, substrate integrated waveg-
uides (SIW), spectrum analysis, Leaky-wave antennas (LWA),
5G systems, near-field focussing, conformal antennas, stop-band
suppression, full-space beam-scanning.
I. INTRODUCTION
Spectrum analysis is among the most fundamental signal
processing operations required in engineering and forms the
basis of various systems in application areas such as sig-
nal distortion measurement from audio equipment, spectrum
monitoring for governmental frequency allocation of various
radio services, and electromagnetic emissions testing of equip-
ment [1], [2]. Traditional techniques include discrete Fourier
transforms (DFTs) based on digital computing for Radio
Frequency (RF) signals, where an analog test signal is first
sampled, discretized and then digitally processed to compute
its Fourier transform [3], [4]. However, this approach suffers
from performance degradation and challenging implementa-
tion as frequency increases and signal bandwidths become
large [5]. With the upcoming next generation wireless systems,
novel technologies for instrumentation and communication are
required particularly in the IEEE 801.11ad (60 GHz unlicensed
band) mm-Wave band which are capable of handling large
signal bandwidths with reduced latencies [6] [7].
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Consequently, alternative techniques have been explored
in the literature to perform spectrum analysis using analog
methods. At optics, the material dispersion is utilized to real-
time separate the various spectral components of a broadband
test signal, commonly utilized in Real Time Fourier Trans-
formers (RTFTs) [8], Arrayed Waveguide Gratings (AWG)
[9], prisms or to use the wavelength dependent diffraction
orders in periodic diffraction gratings [10] and Virtual Im-
age Phased Arrays (VIPA) [11], for instance. While such
systems are not as flexible as a digital system, they offer
high acquisition bandwidth and ultrafast system operation.
Inspired from these optical systems, various solutions have
been proposed at RF using both guided and radiative systems
based on dispersion (frequency dependent group delay, τ(ω))
engineered Bragg gratings [12], spatial interferometers [13]
and leaky-wave Antennas (LWAs), for instance, exploiting
their frequency scanning properties [14]–[18]. However, all
of these solutions suffer from either lack of device integration
or are based on unshielded microstrip implementations which
are not particularly suitable for higher mm-wave bands (e.g. 60
GHz, for instance) leading to significant free-space radiation,
not ideal for minimal electromagnetic interference.
Recently, an idea of a novel mm-wave near-field real-time
spectrum analyzer (RTSA) based on an integrated side-fire
LWA has been proposed in [19]. Here this idea is further
explored in details and experimentally demonstrated. The sub-
sequent contributions of this works are two-fold: 1) It is based
on a novel side-fire LWA using integrated waveguide periodic
apertures on its side walls, providing a typical frequency
scanned power leakage along the plane of the antenna as op-
posed to radiation normal to the antenna plane in conventional
designs. The LWA unit cell is designed with a self-matching
mechanism that suppresses the stop-band characteristics of
periodic structures, thereby enabling seamless frequency scan-
ning from the backward to forward region through broadside.
2) Its application to broadband spectrum analysis at mm-wave
frequency bands. In this work, a detailed design analysis of
a side-fire antenna and its application to spectrum analysis is
presented along with full experimental demonstrations around
the 60 GHz band. The system is the first of its kind at
mm-wave frequencies, and is fully integrated inside a low
profile parallel-plate waveguide (PPW) with no radiation to
free-space, eliminating any electromagnetic interference (EMI)
with neighbouring instruments. The system is further designed
to operate in the near-field region by introducing a curved
shape of the structure resulting in compact size and low-
profile compatible with a standard printed circuit board (PCB)
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(a) Evolution of a conventional T-junction to an N -port power divider.
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(b) Simple T-junction.
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(c) Matched T-junction.
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(d) Port switched simple T-junction.
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(e) Port switched matched T-junction.
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(f) Cascaded matched T-junction.
Fig. 1. Principle of constructing an N−port power divider starting from a conventional 3-port waveguide T-junction. Various design parameters are: s = 12
mm, w1 = w2 = 42 mm, p = 63.32 mm, notch length ` = 20 mm, and notch width g = 2 mm. The fields are plotted at f = 4 GHz for (b-e)
process.
This paper is organized as follows. Section II describes
the principle of the proposed side-fire leaky-wave antenna
inspired from a cascaded matched T-junction cell with an
asymmetric notch (or inductive post in fabrication). Through
cascading the T-junctions, the output ports can be opened
for radiation forming a periodic LWA. Detailed eigenmode
analysis is further provided to highlight important features of
the structure. Section III shows how the side-fire LWA can
be used as a real-time spectrum analyzer through the property
of spatial-spectral decomposition. By introducing curvature,
a compact size for the spectrum analyzer can be achieved.
Furthermore, a simple analytical method is used to model
the beam-scanning property of this structure providing further
insight. Section IV provides experimental results showing
the fabricated structures and the corresponding measurement
results demonstrating the successful operation of the side-
fire LWA for spectral decomposition. Finally, conclusions are
provided in Sec. V.
II. PROPOSED SIDE-FIRE LEAKY-WAVE ANTENNA (LWA)
A LWA is typically a 2-port traveling-wave structure that
gradually radiates EM energy to free-space as the wave
propagates along it [20]. It is characterized by a complex
propagation constant γ(ω) = α(ω) + jβ(ω), where α is
the leakage per unit length along the structure and β is the
phase constant. LWAs can be considered as series-fed phased
arrays, and are typically broadband and directive in nature.
While α (and the physical aperture) controls the beamwidth of
radiation, β provides the necessary frequency dependent phase
shifts to scan the radiation beams. The Majority of LWAs
are periodic in nature with near-sub-wavelength periodicities,
where they radiate from the n = −1 space harmonics
which fall within the fast-wave region with both backward
and forward radiation [20]–[22]. On the other hand, uniform
LWA structures based on metamaterial principles feature deep
3sub-wavelength periodicities and enable full-space frequency
scanning using fundamental mode directly [23], [24].
The majority of LWAs provide frequency-scanned peak
radiation normal (in the y−z plane) to the plane of the antenna
(say x−y plane, with antenna along y−axis for instance). An
exception is a rectangular waveguide based LWA, where a
continuous slot is opened enabling peak radiation from the
sides, in the x − y plane [25]. Such a structure however
is restricted to operate in the forward region only with no
broadside radiation capability. Now, our objective here is to
design a LWA, which is integrated into the subtrate, and
radiates in the x− y plane with radiation in both forward and
backward regions including broadside. In this section, we will
present a step by step procedure to show how such a structure
may be devised starting from a conventional waveguide T-
junction.
A. Conventional Waveguide T-Junctions
The microwave and mm-wave T-junction is an important
and commonly used component in microstrip circuits such
as filters, amplifiers, ring hybrids, and power dividers [26].
Depending on the symmetry of the junction, power can be
split in various ways. The S matrix can be written as
[S] =
S11 S12 S13S21 S22 S23
S31 S32 S33
 . (1)
A conventional matched power splitter has |S11| = |S22| =
|S33| = 0, and |S12| = |S13| = |S23| = 1/2, with reciprocity
[26]. However, this assumes frequency invariance, which is
untrue in practice. Impedance mismatch further degrades per-
formance. A simple waveguide T-junction operating in its
fundamental TE10 mode with equal power split is shown
in Fig. 1(a), with its typical response shown in Fig. 1(b)
exhibiting strong reflection characteristics. This impedance
mismatch can be improved through the introduction of a
notch located in an optimized region of the junction, acting
as a matching element [27], [28]. Fig. 1(b) along with its
typical response is shown in Fig. 1(c) with a significantly
improved broadband matching. In actual fabrication, this notch
is manifested as an inductive post.
Let us switch the input and output ports of a conventional
T-junction, so that the input port now becomes an output port,
and one of the output ports becomes the new input, as shown in
Fig. 1(a), indicated with Port-Switched Simple T-junction, with
its corresponding response shown in Fig. 1(d). Naturally, the
power balance is disturbed between the two output ports and
poor matching is still present. Next, let us introduce the notch
to match this section, where by it is seen that by an optimum
design and placement of the notch, an optimal matching is
achieved as shown in Fig. 1(e), i.e. Port-Switched Matched T-
junction. This configuration must be compared with a matched
T-junction, where the notch was placed symmetrically with
respect to the two output ports. For a Port-Switched Matched
T-junction, a longitudinal offset s is needed which introduces
a transverse asymmetry in the structure, where the transverse
plane is y = 0. Now by controlling the width of Port 3, power
flow in this section can be controlled.
B. Side-Fire LWA
The port-switched matched T-junction now acts as a power
splitter by splitting the input from port 1 to output ports 2
and 3, respectively, with identical port impedances at port 1
and 2. This represents a fundamental building unit which is
self-matched due to optimal design of the notch element. This
allows a series cascade of this unit to form an N element pe-
riodic structure with N+2 ports and a spatial period p, which
can now be seen simply as a 1 : N power divider, as illustrated
in Fig. 1(a). Since each unit cell element is self-matched using
a transversally asymmetric placed notch, the resulting periodic
structure also exhibits a broadband matching, whereby its
stopband characteristics can be easily controlled. The typical
reflection and transmission characteristics for 1 : 5 power
divider are shown in Fig. 1(f), where a broadband matching
is clearly evident. Due to the periodicity and the traveling-
wave nature of this structure, the phase of the side ports (2-7)
are frequency dependent. For instance, when p ≈ λg , all the
wavefronts that exit these ports are in phase, as shown in the
Fig. 1(f). We will refer to this frequency f0 as the broadside
frequency of the structure. For frequencies, where p > λg
(f > f0), there is a progressive phase delay leading to a
phase tilt, which will later will shown to correspond to forward
radiation. Finally, for p < λg (f < f0), there is a progressive
phase advance corresponding to backward radiation. These
wavefront advances and delays, leading to a phase tilts are
further shown in Fig. 1(f) for two specific frequencies.
The cascaded 1 : N power divider can now be allowed to
have its outputs open to free space readily forming a periodic
LWA with beam-scanning capability. Thanks to the self-
matched transversally asymmetric unit cell based on a notch, a
seamless transition from the backward to the forward region is
possible including broadside radiation. This resulting structure
represents a periodic LWA consisting of N unit cells with
radiating apertures, allowing free-space radiation from the side
walls of a rectangular waveguide operating in its fundamental
TE10 mode. Since this structure is compatible with substrate
integrated waveguide (SIW) technology, it can now be readily
integrated inside a dielectric slab, where the radiation from
the aperture array can either be coupled into free-space or
confined between top and bottom conductors of the dielectric
forming a PPW, as shown in Fig. 2(a). If the leaky-wave region
outside the main waveguide is confined inside a PPW, the
entire structure remains shielded and completely enclosed.
A cell for such a periodic antenna has a stop band at
broadside that requires suppression [29]. This behavior can
be examined through considering the eigenmodes of the unit
cell [30], [31]. The cell schematic is shown in Fig. 2(a).
Depending on the dimensions and location of the notch,
various dispersion relations of the unit cell may be computed,
depending on the symmetries of the unit cell [31], [32]. The
eigenmode analysis assumes Floquet (periodic) boundaries on
the two faces of the unit cell along the direction of wave
propagation. Let us consider the case, when the leaky-wave
region is confined inside a PPW, which is terminated with the
medium impedance at the far end of the waveguide. While the
width of the main waveguide, a, the period p, the aperture size
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Fig. 2. The proposed side-fire Leaky-Wave Antenna (LWA) constructed using the N−port power divider of Fig. 1. a) A driven-mode LWA structure consisting
of 12 cells and the unit cell used for eigenmode analysis in FEM-HFSS, b) the corresponding eigenfrequencies showing three unit cell configurations. c) The
driven mode S-parameters and the peak Gain vs frequency. d) Near-fields Ez showing the radiated wavefronts in the backward and forward regions, along
with that at broadside. Here p = 64 mm, t = 17.78 mm, a = 42 mm, w1 = 5.08 mm, and w2 = 152.4 mm. For optimal asymmetry: `n = 8.64 mm, and
s = 0.32 mm. For full symmetry: `n = 8.76 mm, and s = 0 mm. For suboptimal asymmetry: `n = 2.54 mm, and s = 0.34 mm.
t and width w1 are kept constant, the length `n and offset s of
the notch is varied to study its traveling wave characteristics.
The FEM-HFSS computed eigenmodes for various cases of
notch configurations is shown in Fig. 2(b), which shows
regions of β < 0 corresponding to backward radiation, and
β > 0 for foward radiation (for positively sloped branches
of the dispersion curves). As expected from the works of
Otto et. al. [31], [32], a perfectly closed stopband requires an
optimal transversal asymmetry in the unit cell. For sub-optimal
asymmetries a large stop-band is present, which prohibits any
broadside radiation along θ = 0◦. A fully symmetric unit cell
on the other exhibits a frequency balanced condition, but is
still a non-optimal condition which is manifested in the flat
phase region around the broadside frequency. Ultimately, at the
optimal set of notch parameters, the eigenmodes crossover at a
single point as shown in shown in Fig. 2(b), and the reflection
at this frequency corresponding to broadside is expected to be
optimal [33].
To further confirm these eigenmode results, a driven model
is analyzed in FEM-HFSS consisting of N = 12 cells,
whose computed frequency dependent transmission/reflection
response and far-field peak gain is shown in Fig. 2(c). As
expected, the cell with the optimal asymmetry provides an
excellent match throughout the frequency band compared to
a suboptimally asymmetric case, while the symmetric unit
cell still exhibits a noticeable increase in reflection around
broadside in spite of an overall good matching response
[32]. Fig. 2(d) finally shows the radiating wavefronts at three
different frequencies, clearly showing the wave propagation
along backward, broadside and forward directions. Therefore,
the proposed side-fire structure represents a fully integrated
periodic LWA with complete control over its dispersion re-
lation and the subsequent closure of the stop-band to enable
broadside radiation. Exploiting its integrated nature and fully
shielded configuration, we will next describe an integrated
analog spectrum analyzer for a 60 GHz mm-Wave frequency
band.
III. PROPOSED MM-WAVE SPECTRUM ANALYZER
A. Principle
Leaky-wave antennas have the property of frequency scan-
ning. For a periodic leaky-wave antenna, the aperture spacing
5provides a phase shift between locations of radiation. This
spacing is electrically frequency dependent, and therefore
provides a phase gradient which enables beam steering. The
beam scanning law is described by [20]
θ(ω) = sin−1
(
β(ω)
k0
)
, (2)
where k0 is the free space wavenumber, β(ω) is the guided
propagation constant, and θ(ω) is the beam angle measured
from broadside. A real-time spectrum analyzer can be formed
using the process of spatial-spectral frequency decomposition,
similar to that used in optical prisms [14], [15]. Accordingly,
a broadband time domain test signal sent at the input port
of a LWA would have its frequency components radiated at
particular angles described by (2) with appropriate magnitudes.
This enables one to deduce the presence of the frequency
components of the signal and their respective magnitudes by
inspecting the corresponding far-field radiation patterns. Such
a determination of the spectral components of an unknown
test signal based on spatial-spectral frequency decomposition
principle, is purely analog and thus real-time in nature.
The radiated signals from the LWA are typically measured
in the far-field regime of the radiation, which is approximately
located at distances greater than 2d2/λ0, where d is the largest
dimension of the antenna aperture, and λ0 is the free space
wavelength. For typical mm-wave leaky-wave antennas which
are several wavelengths long, this distance readily exceeds
5 m when operated around 60 GHz. Therefore, to perform
spectral analysis using a typical mm-wave LWA, one would
need large space to make the measurement. However, this
measurement would not be protected from the environment,
and thus undesired signal interference would occur between
neighbouring devices. Thus shielding is necessary, which
makes the proposed side-fire LWA configuration of Fig. 2 par-
ticularly attractive. However, the far-field requirement of large
system size is still a challenge, since for far-field distances
of several meters, the PCB would be impractically large. A
potential solution is then to add a physical curvature to the
LWA aperture to focus the far-field radiation in the near-field
region of the antenna, which is proposed next.
B. Curved Side-Fire LWA
A solution to the issue of large far-field distances where the
beam is found is by introducing a curvature to the antenna [34].
In the case of parabolic reflectors, a parabolic surface allows
for a beam focal point where the radiation is concentrated.
Depending on the exact surface curvature, the focal location
can change, subject to sufficiently small aberrations. [35],
[36]. In this sense a convex lens with a close focal point can
solve the far distance problem. This principle can be easily
applied to the side-fire LWA configuration of Fig. 2, where
instead of a linear array, we devise a curved array with desired
frequency dependent beam focussing characteristics in its near-
fields. Such a structure may behave like a lens, allowing
the beam location to be within the range of a typical PCB
lengths, while preserving the spatial-spectral decomposition
information needed for spectral analysis.
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Fig. 3. Analytical method to compute the near-fields of a side-fire antenna. a)
Illustration of a curved side-fire antenna showing the source and observation
points. (b)-(e) Comparison of electric fields calculated along a line at the focal
point using the wavenumber computed from FEM-HFSS eigenmode analysis
with full-wave electric fields along a line at the focal distance (r = 56 cm).
With a determined antenna structure and periodic aperture
producing a specified per unit length propagation constant
β(ω), a numerical model to calculate the radiation and fo-
cussing properties is needed to understand and model this
structure. Consider a uniform circular LWA as shown in
Fig. 3(a), of an angular span 2α and a radius r, excited from
the left. The field variation along the z−axis is assumed to
be zero, i.e. a 2D problem is assumed. Each point on this
LWA can be assumed to be a line source Jz(x′, y′;ω) which
is radiating with a certain phase accumulated along the LWA.
Each source coordinate follows the following parametric curve
x′2 + y′2 = r2. (3)
The total radiated electric field in the x − y plane can be
analytically expressed as [16]
E(x, y) =
∫ r sinα
−r sinα
Jz(x
′, y′)G(x′, y′;x, y)dx′ zˆ (4)
where G(x′, y′;x, y) is the Green’s function. This integral
represents the contribution of each source at the observation
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point (x, y) along the entire extent of the antenna. For a 2D
problem we have a Hankel’s function of the second kind, given
by
G(x′, y′;x, y) = −ωµ0
4
H
(2)
0 (kρ), (5)
with
ρ(x′, y′;x, y) =
√
(x− x′)2 + (y − y′)2 ρˆ, (6)
where ρ represents the vector from the source to the obser-
vation point, as illustrated in Fig. 3(a). Finally, the position
dependent current source is assumed to take the following
form:
Jz(x
′, y′) ≈ e−jβs (7)
where the length s = rθ represents the arc length from
{(x1, y1)− (x′, y′)} and can be easily shown to be
s = r cos−1
{
1− (x
′ − x1)2 + (y′ − y1)2
2r2
}
(8)
Therefore, substituting (5), (7) inside (4) leads to the analytical
form of the field anywhere in the observation area.
Next, an integrated spectrum analyzer based on a side-fire
LWA configuration of Fig. 2 with a 1 GHz spatial resolution
operating from 57-64 GHz was designed and simulated in
FEM-HFSS, as shown in Fig. 4(a). To be compatible with
standard PCB fabrication, the vertical solid walls of Fig. 2 are
realized using a metallized via array as typically done in SIW
implementations, and a curvature is introduced. An isolated
via is used to emulate a notch and its precise placement is
obtained to close the stop-band following the analysis of Fig. 2
to obtain the required asymmetry. Fig. 4(b,c), further shows
the simulated S-parameters for the case of an optimal and
suboptimal asymmetry, clearly showing broadband matching
within the bandwidth of interest, i.e. 57-64 GHz.
Next, an analytical model is built for this side-fire configu-
ration, where its propagation constant β(ω) corresponding to
the n = −1 space harmonic is approximated as
β(ω) ≈
√(
ω
c
)2
r −
(
pi
a
)2
− 2pi
p
. (9)
This analytical result closely approximates the full-wave com-
puted dispersion relation extracted from an eigenmode simu-
lation of a single cell, and is thus used due to its simplicity
to estimate beam-scanning of the structure in the near-field
region of the antenna. Using (5), (7) and (9) in (4), the radiated
near-fields were calculated along a line at the focal distance r,
and compared with those obtained using the full-wave HFSS
model, as shown in Fig. 3(b-d) for several frequencies. An
excellent match is seen for all frequencies which successfully
validates the model. While the HFSS model is rigorously cor-
rect, it is electrically large and computationally expensive. The
analytical model on the other hand, captures the fundamental
behavior of the structure using a much simpler model based
on array of line sources, while providing a reasonably good
accuracy. It thus represents an ideal method for an efficient
design and fast analysis of a side-fire LWA based spectrum
analyzer.
IV. EXPERIMENTAL DEMONSTRATION
In this section, two experimental demonstrations will be
presented: 1) A straight integrated side-fire LWA radiating into
free space and, b) a curved side-fire antenna radiating inside
an integrated PPW acting as a mm-wave spectrum analyzer.
A. Straight Side-Fire LWA
Fig. 5(a) shows a photograph of a 15 cell straight side-
fire LWA operating around the 60 GHz band, following the
configuration of Fig. 4(a), except with a straight cell. The
matching via is optimized in simulations to close the stop-
band using the nominal permittivity of the dielectric specified
by the manufacturer. A transition is further designed to excite
the LWA antenna using a standard WR-15 waveguide, as
shown in the input and output ends of the LWA structure.
One side of the antenna is left open to free-space with a
width of the PPW controlling the amount of radiation along
the −y direction. Fig. 5(b-c) shows the measured S-parameters
compared with FEM-HFSS. While good matching is observed
in measurements as a result of optimal via placement, a slight
increase in the reflection is also observed along with appre-
ciable mismatch with the simulated response. This mismatch
between simulation and measurement can be attributed to the
the unknown material properties at 60 GHz, and the tolerances
in fabrication, especially considering that the response is
particularly sensitive to the matching via location.
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Fig. 5. Experimental demonstration of a straight side-fire LWA radiating
into free-space. (a) Fabricated antenna prototype (N = 15 cells). (b) S11
of the antenna in FEM-HFSS with Arlon and the resonator characterized
material compared to the VNA measurement. Here the stopband is closed
at 61 GHz (broadside). (c) S21 of the antenna in FEM-HFSS with Arlon
and the resonator characterized material compared to the VNA measurement.
(d) Simulated gain as a function of frequency for the antenna with the
characterized material and Arlon DiClad 880. (e) Radiation patterns of the
simulated antenna with characterized material in 1 GHz steps over the band
of interest.
To estimate the material properties, a straight waveguide
resonator was also fabricated, which was then used to esti-
mate the effective dielectric constants of the Arlon DiClad
880 material used in fabrication. The resonator results are
presented in the Appendix, and the extracted dielectric per-
mittivity and loss tangent are found to be ≈ 2.08 and 0.003,
respectively, compared to the design values of r = 2.2 and
tan δ = 0.0009. The fabricated straight side-fire LWA was
then re-simulated with the new material parameters, and the
new S-parameters are shown in Fig. 5(b-c), improving the
agreement with the measurements. Importantly, a frequency
shift of almost 1.6 GHz is observed, with a new broadside
frequency of f0 = 60.7 GHz (observed in HFSS with peak
radiation at θ = 0◦). The resulting frequency dependent gain
and the simulated radiation patterns are shown in Fig. 5(d-
e) showing the seamless radiation from backward to forward
regions including broadside at 60.7 GHz, as expected. Due
to an actual higher loss tangent of the dielectric, the gain
is seen to be significantly dropped with a slight drop at
broadside, while maintaining a monotonically increasing trend,
as expected.
B. Integrated Spectrum Analyzer
Next, an integrated spectrum analyzer based on a side-
fire LWA will be demonstrated. Fig. 6(a) shows the general
schematic of the proposed system. A curved side-fire LWA of
Fig. 4 with larger number of cells and input/output transitions
to standard WR-15 waveguides is placed on the far right of
the dielectric layer, where Port 1 is intended as the input to
the system. the leakage from the side apertures is maintained
inside the PPW structure, due to the beam-scanning property,
the spatial-spectral decomposition is achieved in the x − y
plane, with broadside along −x and x < 0 and x > 0 as
the backward and forward radiation regions, respectively. The
system is designed to operate between 57-64 GHz, with a
frequency resolution of 1 GHz.
To capture the power radiated along different angles, an
integrated horn array is chosen for the sake of a proof
of concept experiment (detailed dimensions are provided in
Tab. I). To achieve a 1 GHz resolution over the 57-64 GHz
band, 8 horns for each 1 GHz frequency step are needed
where the transmission in the form of S-parameters can be
measured. The receivers are waveguide fed, and thus must
be spaced to allow room for WR-15 flanges, which have a
diameter of 19.05 mm. The unknown physical dimensions
to achieve this resolution are: the horn spacing, radius of
curvature and the angular span of the side-fire antenna. To
determine these parameters, a simple parametric analysis of
Fig. 3(a) is performed. Fig. 7(a) shows the maximum scan
range (using peak amplitudes of the focussed beam) over
57-64 GHz for each r at a fixed frequency f , for instance.
Knowing the required separation between the horn receivers
of ≈ 12 mm, r is set at 56 cm. Next, Fig. 7(b) shows the proper
antenna arc length for a given radius of 56 cm to produce a
sufficiently narrow beam, less than the 3-dB beamwidth of the
horn. It was then set at 2α = 30◦. This would then allow 1
GHz resolution while preventing electromagnetic coupling to
neighbouring receivers which could compromise the spectral
decomposition.
Fig. 6(b) shows the FEM-HFSS simulated power transmis-
sion between the input port 1 and the various horn receiver
ports. A linear frequency scanning can be seen across the
ports, with clear separation between the power received by
adjacent ports. Direct incidence of the beam on a port results
in a transmission of more than -15 dB. Neighbouring ports in
such a case would have less than -30 dB in transmission. To
this end, a nominal frequency resolution of 1 GHz is readily
shown. Fig. 6(c) further shows the near-field distribution inside
the PPW for various frequencies, which are being received by
different horn receivers demonstrating the frequency scanning
behavior of the side-fire antenna. In addition, extra radiation
beams are also observed in the forward region, which are
analogous to grating lobes in regular antenna arrays.
To understand the nature of these grating lobes, the dis-
persion diagram of the side-fire LWA must be inspected as
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Fig. 6. FEM-HFSS modeling of the integrated side-fire LWA based spectrum analyzer. (a) Schematic model showing an array of integrated horn receivers
with ∆x = 570 mm and ∆y = 323 mm, and the curved side-fire LWA consisting of N = 72 unit cells. (b) Interpolated transmission into the receiving
horn ports. (c) Normalized |Ez | plots from HFSS of the spectrum analyzer showing the beam focusing. All horns and aperture dimensions shown in Tab. 1.
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Fig. 7. Procedure to determine the radius of curvature of the curved side-fire
LWA and the arc length 2α to achieve a frequency resolution of 1 GHz within
the operating bandwidth of 57 GHz - 64 GHz. (a) Beam scan variation with
r at f = 60.7 GHz. b) Beamwidth as a function of angular span of the LWA
for r = 56 cm.
shown in Fig. 8. For the designed substrate permittivity and
antenna dimensions (curvature, width, aperture period), more
than one fast-wave harmonic appears in the radiative region.
Since radiation is in the substrate, the slope of the light line
is increased by a factor of 1/
√
r compared to that in free-
space. As a result, the fundamental mode does not leave the
radiative region since it is parallel to the light line. Therefore,
the fundamental mode always remain inside the fast-wave
region and radiates in the forward direction. At the same time,
other spatial harmonics, particularly n = {−1,−2} harmonics,
also radiate within the band of interest [24] [21]. They appear
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Fig. 8. Dispersion diagram of the conformal leaky-wave antenna illustrating
the issue of multi-beam radiation within the fast-wave region.
as extra beams in the full-wave simulated fields of Fig. 6(c),
where n = −1 are the ones captured by the horn receivers.
While these spurious grating lobes represent unwanted power
loss through radiation, the dominant power is still found to be
contained in the n = −1 harmonic sufficient for the current
purpose of spectrum measurement.
The side-fire based integrated spectrum analyzer is next
fabricated and some pictures of the prototype and the ex-
perimental setup is shown in Fig. 9(a-b). Fig. 9(a) shows
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Fig. 9. Experimental setup and results of the fabricated spectrum analyzer. (a)
Zoomed in view of the receiver horn array during S-parameter measurement.
b) S-Parameter measurement of the VNA. (c) Measured S11 and (d) S21 of
the spectrum analyzer compared to simulation with Arlon DiClad 880, and
in simulation fitted material parameters (Appendix A).
the array of integrated horns on the receiver side connected
to a standard WR-15 waveguide to a V-band coax cable.
The integrated spectrum analyzer is next measured using
a Vector Network Analyzer as shown in Fig. 9(b), where
different measurements are taken across various horn ports.
The S-parameters of the curved side-fire antenna is shown
in Fig. 9(c,d) where in spite of an intended well-matched
design in simulations, relatively larger reflections are observed,
particularly around 62 GHz. This indicates a stop-band region
and a high frequency shift in the response, as the broadside
frequency was around 60 GHz. Transmission on the other
hand stays around -15 dB. The spectrum analyzer was then re-
simulated in HFSS using the newly characterized parameters
of the dielectrics (provided in Appendix), and the resulting S-
parameters are shown also in Fig. 9(c,d). The frequency shift is
clearly captured as seen in S11 and an increase in reflection is
observed in spite of being practically acceptable. However an
appreciable difference between measurements and simulations
still remains. This suggests that small variations in tolerances
and material properties may significantly accumulate to give
rise to large errors, since this integrated spectrum analyzer is
still electrically large to the order of about 120λ.
Next, the transmission across various horn ports receivers
from the input LWA port is measured and are shown in Fig. 10.
A clear shift in the transmission peak is observed across
frequency as different horn receivers are measured, confirming
the frequency scanning behaviour. This is attributed to the
lower permittivity of the actual material. The measurements
results are next compared with the characterized material re-
sponse in FEM-HFSS and a very good agreement is observed
where not only the frequency shift but the transmission levels
are correctly reproduced. The spectrum analyzer thus operate
between 59 GHz - 66 GHz (instead of 57 GHz - 64 GHz),
with a resolution of approximately 1 GHz and an average
transmission level of about -20 dB. The proposed side-fire
LWA based integrated spectrum analyzer is thus successfully
demonstrated.
V. CONCLUSIONS & FUTURE WORK
An analog, low-profile and shielded spectrum analyzer has
been proposed for operation at mm-wave frequencies around
the 60 GHz band based on a novel side-fire LWA configu-
ration. The proposed side-fire LWA has been systematically
developed from a conventional 3-port waveguide T-junction
which has been modified to a LWA unit cell with an in-
ternal matching mechanism to suppress stop-band to enable
broadside radiation. The internal mechanism is achieved by
introducing a transversal asymmetry of the unit cell, by placing
a notch inside the waveguide, which results in a seamless
leaky-wave radiation from backward to forward region includ-
ing broadside. The proposed antenna is fully compatible with
SIW technology resulting in a low-profile and is compatible
with standard PCB fabrication. The resulting periodic side-
fire antenna radiates in the plane of the antenna, whereby the
leakage power be either be allowed to radiate in free-space or
kept confined inside a PPW structure. The proposed side-fire
structure thus can be completely shielded, which is particularly
attractive for devising an analog broadband spectrum analyzer.
Such a system has been demonstrated around the 60 GHz
band, where a convex side-fire antenna has been used to focus
the radiated beams in the near-field of the structure to make the
entire system more compact, operating between 59 - 66 GHz
in experiments with a 1 GHz resolution. Furthermore, a simple
mathematical model consisting of an array of point sources has
also been proposed which is found to faithfully reproduce the
beam-scanning characteristics of the curved side-fire LWA in
the near-field, providing a fast design tool to engineer such a
system.
The proposed side-fire antenna also provides a different
interpretation of a LWA, where a periodic leaky-wave structure
may be seen as a broadband multi-port power divider, whose
outputs are connected to radiating apertures. The proposed
spectrum analyzer furthermore offers several system features
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Fig. 10. Measured S-parameters of the integrated spectrum analyzer of Fig. 9 demonstrating the spatial-spectral decomposition. Adjusted r = 2.08 from
nominal r = 2.2 for Arlon DiClad 880. Adjusted tan δ = 0.003 from nominal tan δ = 0.0009 for Arlon DiClad 880 following the material characterization
given in the Appendix. (a)-(f) Correspond to ports 3-10, respectively.
TABLE I
PORT AND HORN DIMENSIONS.
Dimension Port 1 Port 2 Port 3 Port 4 Port 5 Port 6 Port 7 Port 8 Port 9 Port 10
a (mm) 3.7592 3.7592 3.7592 3.7592 3.7592 3.7592 3.7592 3.7592 3.7592 3.7592
b (mm) 1.8796 1.8796 1.8796 1.8796 1.8796 1.8796 1.8796 1.8796 1.8796 1.8796
aap (mm) 3.3019 3.3019 3.2965 3.2965 3.2965 3.2965 3.2965 3.2700 3.2700 3.2700
L1 (mm) 7.807 7.807 7.807 7.807 7.807 7.807 7.807 7.807 7.807 7.807
L2 (mm) 5 5 5 25 5 25 5 25 5 25
L3 (mm) 0 0 9.6 9 9.3 9 9.6 9.3 9.3 9
L4 (mm) 4.2843 4.2843 4.2843 4.2843 4.2843 4.2843 4.2843 4.2843 4.2843 4.2843
g (mm) 2.81 2.81 2.81 2.81 2.81 2.81 2.81 2.81 2.81 2.81
θh (◦) 0 0 56 52 40 50 42 42 37 46
and benefits. The system is broadband in nature due to its
wide-band radiating property of the stop-band suppressed side-
fire LWA, directly operating at mm-wave frequencies based on
SIW technology. It is a fast analog system minimizing digital
computations compared to a fully digital system, except at
the data acquisition stage. The frequency resolution of the
system depends on the length of the side-fire antenna. This
resolution can further be improved by optimizing the length of
the antenna and controlling the per-unit-length leakage from
the unit cell, while keeping the overall size of the analyzer
the same. The low-profile and compact size of the spectrum
analyzer represents a bench-top type system that can be placed
on standard equipments with no electromagnetic interference
due to its fully-shielded configuration. Thus the proposed inte-
grated side-fire antenna and the associated spectrum analyzer
system represent an attractive solution for next generation 5G
mm-wave systems in the area of wireless communication and
instrumentation, for instance.
VI. APPENDIX: MATERIAL CHARACTERIZATION
Given the sensitivity of the devices to electrical material
parameters such as r and tan δ (particularly the beam location
of the spectrum analyzer considering the large focal length)
a material characterization of the panel used to fabricate
the devices was performed. This was done by fabricating a
resonator and measuring its frequency dependent transmission
S21, as shown in Fig. 11. The location and magnitudes of
the peaks can then be fitted by running additional simulations
of the resonator with new values of r and tan δ. These
values which match measurement most closely provide a
more accurate characterization of the panel material beyond
the standard values of Arlon DiClad 880 provided in HFSS.
However, given that the frequency dependence of the material
parameters varies from what is predicted in software, over a
large bandwidth the curves cannot be perfectly fit over the
band, hence some mismatch will occur. The curves were fit
best to match over the band of interest (57-64 GHz) and
the extracted effective material parameters were found to be
r = 2.08 and tan δ = 0.003.
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